Abstract. The urgent need for a web opening in the pretensioned inverted T-beams after the construction for essential services causes local cracking around the opening which leads to decrease in stiffness and load carrying capacity. Therefore, strengthening the vicinity of the opening is essential to restore the loss in load carrying capacity of the beam using GFRP. To study the deflection of pretentioned inverted T-beam with web opening, three-dimensional finite element beam models are developed before and after GFRP strengthening using the finite element analysis (FEA). Modeling methodology and nonlinear analysis approach in ANSYS are presented. The results obtained from the FEA beam model are compared with the test data in terms of load-deflection curve. It has been concluded that FEA models are good representations for GFRP strengthened beams with web openings in terms of the number of elements, structural details, and, especially, reasonably accurate results in general.
Introduction
Creating an opening in an existing load-bearing component will lead to stresses concentration at the corners of the opening which initiates inclined and vertical cracks [1] . Therefore, strengthening the vicinity of such opening is essential to restore the load carrying capacity of the structural component [2] . The use of fibre-reinforced polymer (FRP) composite sheets for strengthening of RC structures has become very popular in recent years [2] . This popularity has been due to the well-known advantages of FRP composites including their high strength-to-weight ratio, good corrosion resistance, good fatigue properties, electro-magnetic resistance, efficiency, reliability, cost effectiveness in rehabilitation and versatility in coping with different sectional shapes and corners [2] . Numerous investigations such as Mansur [3] have been carried out on reinforced concrete beams with opening. The first published work on prestressed beam with web openings was conducted by Regan and Warwaruk [4] . Since then, several other researchers [5, 6, 7] have investigated prestressed beams with web openings. Recently, many papers have been published on the structural behaviour of pretensioned inverted T-beams with web opening strengthened with GFRP [8] [9] [10] [11] [12] . This paper reports the immediate defelction of pretensioned inverted T-beams with web opening strengthened with GFRP.
Experimental Program
Design of test beams. Two series of beams, A1 and A2, comprising six prestressed beam with web openings with and without strengthening with GFRP laminates altogether, were tested. Series A1 and Series A2 has three beams each. Each series consisted of a conventional control beam without any externally bonded GFRP. The remaining two beams in each series contained one single bonded GFRP laminate at the tension face, but these beams were provided with external anchorages as detailed in Fig 1. All external anchorages were made of GFRP laminates, bonded to concrete with the same adhesives, after surface preparation similar to that used for GFRP laminates at tension faces. Tests were carried out on six bonded prestensioned inverted T-beams. The concrete was proportioned to produce a 7-days compressive strength of 45 MPa. Straight, bonded 7-wired super high tensile wires, each 12.9 mm in diameter, with an ultimate strength of 1860 MPa were used for prestressing. Mild steel bar of 10 mm diameter, with a minimum specified yield stress of 350 MPa, were used as longitudinal nonprestressing steel. All tests were conducted with a closed-loop hydraulic servo-controlled MTS testing system. A four-point loading scheme, with an effective span of 4000 mm and a distance of 1200 mm between the load points was used to limit the presence of shear stress in the mid-span zone.
Fig. 1 Details of test beams of series A1 and Series A2

Finite Element Analysis
Three-dimensional finite element beam models are developed before and after GFRP strengthening using the finite element analysis (FEA). Modeling methodology and nonlinear analysis approach in ANSYS are presented. The results obtained from the FEA beam model are compared with the test data in terms of load-deflection curve. In addition, the study of effects of FRP strengthening is made. The nonlinear finite element program ANSYS was used for theoretical study. The following design parameters were considered: (1) locations of the circular opening; (2) numbers of openings. A three-dimensional eight-noded isoparametric solid 65 elements were used to model the concrete portions of the inverted T-beam. The element is capable of plastic deformation, cracking in three orthogonal directions, and crushing. A link 8 element was used to model the prestressing steel reinforcement as well as non-prestressing steel. The element is also capable of plastic deformation. The solid 46, 3-D layered structural solid element, is used to represent the GFRP materials. Layer thickness, layer material direction angles, and orthotropic material properties need to be defined in this element. No slippage is assumed between the element layers (perfect interlaminate bond). In ANSYS, the load is applied gradually in small increments. The size of each increment depends on the convergence of the iteration process in the previous increments of loading. The concrete under compression is modeled by an elastic-plastic theory, using a simple form for the yield surface expressed in term of the equivalent pressure stress.
Results and Analysis
The load deflection responses for the beams, from the test programme, are plotted with the finite element results in Fig. 2 . All prestressed beams with web openings strengthened with GFRP were analyzed using finite element model. The numerical model predicts an ultimate load and captures well the nonlinear load deflection response of the beam up to failure. It is clear from the numerical model that the response of the model is linear until the first crack has formed. The ultimate load achieved in the numerical model, is within 10% to 15% of the final ultimate test load. The correlation between test and numerical data is again good up to the 5% in difference between numerical and experimental value in all cases of prestressed beam with openings without GFRP wrap. For these types of beams, the mode of failure in the test beam was a flexural mode with the neutral axis rising through the section as the yield strength of the pretensioned strands and the internal reinforcement was reached and eventually exceeded. The strengthening scheme of the prestressed beam with web openings was designed to increase the load carrying capacity by 30% compared to the non-strengthened beams. The measured ultimate capacity was increased by 40% to 50% because the ultimate strength values of the GFRP were larger than the specified values used in design. Fig. 2 Load-deflection plot for the beams with and without GFRP laminates Response surface methods (RSM) are based on the fundamental assumption that the influence of the random input variables on the random output parameters can be approximated by mathematical function. Hence, response surface methods locate the sample points in the space of random input variables such that an appropriate approximation function can be found most efficiently; typically, this is a quadratic polynomial. The fundamental idea of response surface methods is that once the coefficients of a suitable approximation function are found, then we can directly use the approximation function instead of looping through the finite element model. To perform a finite element analysis might require minutes to hours of computation time; in contrast, evaluating a quadratic function requires only a fraction of a second. Hence, if using the approximation function, we can afford to evaluate the approximated response parameter thousands of times. Fig. 3 show the response surface plot of beams series A2 with different configuration of web openings. A quadratic
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Advanced Materials Engineering and Technology II polynomial is sufficient in the evaluation of the deflection of these beams. For that evaluation, the circular web opening diameter and the applied loads coefficient both have a linear effect on the deflection, which is taken into account in a quadratic approximation by the mixed quadratic terms. The random output parameter i.e. deflection was fitted with a quadratic regression model including cross-terms. Natural logarithm transformation was used for the regression analysis. No filtering technique was used to fit the random output deflection. The response surface is the sum of the regression terms, where each regression term includes regression coefficients. 
Summary
The comparisons between ANSYS predictions and the experimental data show that the proposed FEA models are good representations for both the GFRP strengthened beams with web openings as well as unstrengthened beams in terms of the number of elements, structural details, and, especially, reasonably accurate results in general. The dedicated concrete element employs a smeared crack model to allow for concrete cracking with the option of modeling the reinforcement in a distributed or discrete manner. The response surface methodology could be implemented in finite element analysis to help designer in decision making. From response surface plot, designer will obtain important interaction information between wide range of input parameter i.e. load (from 0 kN to 200 kN) and web opening diameter (from 20mm to 200mm) and their influence towards respective response, i.e. deflection.
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